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The recently determined crystal structure of the PR65/A
subunit of protein phosphatase 2A reveals the architecture
of proteins containing HEAT repeats. The structural
properties of this solenoid protein explain many functional
characteristics and account for the involvement of
solenoids as scaffold, anchoring and adaptor proteins. 
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Introduction
Reversible protein modification by phosphorylation is the
major mechanism of cellular control. Protein phosphoryla-
tion affects essentially every aspect of cellular life, and
accordingly one third of cellular proteins are subject to
phosphorylation. The level of phosphorylation is balanced
by the opposing activities of protein kinases and phos-
phatases. Many protein kinases and phosphatases,
however, have inherently broad substrate specificities.
Scaffold, anchoring and adaptor proteins are therefore
required to recruit the enzymes to the appropriate cellular
locations and achieve the higher level of precision and
speed required in signal transduction [1].
The protein phosphatases are defined by several struc-
turally distinct families. The enzymes from the PPP and
PPM families are serine/threonine phosphatases, and the
protein tyrosine phosphatase (PTP) family includes both
tyrosine-specific and dual-specificity phosphatases [2]. A
distinct structural class of dual-specificity phosphatases
has been recently revealed by the crystal structure of the
cell-cycle control phosphatase Cdc25 [3]. 
Protein phosphatase 2A (PP2A) is a prominent member of
the PPP family and is involved in a variety of regulatory
processes, including metabolism, the cell cycle and tran-
scription. The PP2A catalytic domain is related to the cat-
alytic domains of the other phosphatases in the PPP
family, including PP1 and PP2B (calcineurin). Although
the three-dimensional structure of the catalytic domain of
PP2A has not yet been determined, the crystal structures
of the catalytic domains of PP1 [4–6] and PP2B [7,8]
revealed a β-sandwich core, flanked on one side by a
mixed α/β structure and on the other by α helices
(Figure 1a). The active-site channel is located at the inter-
face of three β sheets at the top of the β sandwich. A pair
of metal ions (one presumably zinc or manganese, and the
other iron) form a binuclear metal center. 
Although they share a similar catalytic domain, the
members of the PPP family are distinguished by divergent
N- and C-terminal sequences, and also by the diverse
associated regulatory subunits that allow them to form a
variety of holoenzymes. PP2A forms a multitude of het-
erotrimeric forms by the association of the 36 kDa cat-
alytic subunit (PP2Ac) with a 65 kDa structural subunit
PR65/A and at least 15 different B subunits. The different
B subunits are generated as isoforms and splice variants
from three unrelated gene families. It appears that the
PP2Ac–PR65/A dimer forms a scaffold for the mutually
exclusive binding of B subunits that are expressed in a
tissue- and developmentally specific manner. The DNA
tumor viruses, Simian virus 40 (SV40) and polyoma virus,
produce proteins that can bind the PP2Ac–PR65/A dimer
and displace the endogenous B subunits, thus interfering
with cellular signaling. 
Groves et al. [9] recently reported the crystal structure of
the PR65/A subunit. The sequence of this subunit is
composed entirely from 15 tandem repeats of ∼39 residues
[10,11], termed the HEAT repeats [12]. This structure
unveils for the first time the architecture of HEAT
repeat proteins. The structure also has implications for
understanding the role of this phosphatase subunit as a
molecular scaffold and its ability to recognize diverse
regulatory subunits. 
Structure of PR65/A and HEAT repeats
The sequence analysis of PR65/A revealed the presence of
a repeat motif of ∼39 residues [10,11]. A similar tandem
array of repeats was also discovered in huntingtin, a gene
product associated with Huntington’s disease [12].
Sequence database searches using the huntingtin sequence
subsequently revealed the similarity of its repeat motifs
with PR65/A, as well as with parts of a few other proteins,
including elongation factor 3 (EF3) and a lipid kinase,
TOR1. Together, these proteins coined the term HEAT
(huntingtin, EF3, A subunit of PP2A, TOR1). HEAT
repeats were also identified in the yeast translational acti-
vator GCN1, protein kinase VPS15, nuclear transport factor
importin β [12], and splicing factor SAP155 [13].
HEAT motifs are usually 37–43 residues long and occur in
blocks of at least three and up to 22 tandem repeats.
Although the sequence similarities among individual
repeats are low, a number of observations suggested a
common structural architecture [12]: the repeats occurred
in tandem, multiple times within each protein; a specific
pattern of hydrophobic and hydrophilic amino acids and a
weak consensus sequence could be detected; and they
were all predicted to consist of two α helices. 
The structure of PR65/A (Figure 1b) is consistent with
these predictions. Each sequence repeat corresponds to a
structural unit containing a pair of antiparallel helices
(A and B; Figures 2 and 3a). The helices can be up to
18 residues long, and cross at an angle of ∼24°. The major-
ity of repeats contain α helices, but several contain regions
of 310 helix. Most of the helices are kinked by up to ∼45°
approximately in the middle (in fact, the widely used
automated secondary structure assignment procedure
DSSP [14] often splits the kinked helices into two sepa-
rate helices). In many of the A helices the kink may be
facilitated by a proline residue at consensus position 11,
which is located three residues C-terminal to the kink.
However, the kinks also occur in B helices, although no
prolines are observed at an equivalent site. 
The loops connecting the two helices are usually very
short; the loops connecting helix B with helix A (BA loops)
are often facilitated by a consensus glycine residue imme-
diately N-terminal to helix A. Even a four amino acid
insertion between repeats 8 and 9, one of very few contor-
tions to the neat alignment of the 39-residue repeats, is
accommodated by an extension of the B helix of repeat 8,
and not by the formation of an extended interhelix loop.
Most α/α structural units stack approximately in parallel,
so that the A and B helices in each repeat are parallel to
their counterparts in the neighboring repeats. The
repeat units are tilted relative to one another, by ∼15°
about an axis parallel to the helical axis; the A and B
helices form the outer (convex) and the inner (concave)
face, respectively. The nature of this interrepeat packing
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Figure 2
Consensus sequences of HEAT and ARM repeats. Residue types are
indicated: +, positively charged amino acid; a, small hydrophobic
amino acid; f, large hydrophobic amino acid; l, general hydrophobic
amino acid; D, aspartate; G, glycine; L, leucine; P, proline; R, arginine;
V, valine. Positions of helices (cylinders) are shown above the
sequences. The positions of the helical kinks in HEAT repeats are
indicated with arrows. The numbering corresponds to the HEAT
consensus sequence. 
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Structure
Figure 1
Structures of a protein phosphatase from the PPP family and the
scaffolding subunit PR65/A. The figures are on the same scale and
emphasize the difference in size between PR65/A and its binding
partner PP2Ac. (a) Ribbon diagram of PP1 (PDB code 1FJM [4]). The
mycrocystin inhibitor is shown in stick representation (cyan) and metal
ions are depicted as gray spheres. PP2A is of a similar size and shares
49% sequence identity with PP1. (b) Ribbon diagram of PR65/A [9]
with the HEAT repeats shown in different colors. (The figures were
generated with BOBSCRIPT [41] and rendered using RASTER3D [42].)
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Figure 3
Comparisons of HEAT and ARM repeats.
Schematic diagrams of repetitive structural
units in (a) HEAT and (b) ARM repeats. In the
front unit, α helices are shown as red
cylinders, and the connecting loops are
shown in green. Another unit (in gray) is
shown at the back to indicate the packing
arrangement. The clockwise rotation of the
second unit results in a right-handed twist of
ARM repeat proteins. (c) Stereoview
superposition of the Cα traces of the 15
HEAT repeats of PR65/A. The A helices were
superimposed onto a representative HEAT
repeat (repeat 8). Only residues analogous to
the region 275–290 in helix A were used in
the superpositions. (For a similar presentation
of the ARM repeats of importin α see [21].)
(d) Stereoview of the Cα trace of a HEAT
repeat from PR65/A (repeat 8, residues
274–312; solid line) superimposed onto an
ARM repeat from importin α (PDB code 1BK5
[20]; repeat 6, residues 289–330; dashed
line). The repeats were superimposed using
the program O [43] and gave a root mean
square deviation of 0.817 Å for 31 Cα atoms.
(The figures were generated with
BOBSCRIPT [41].)
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is determined by the consensus signature of the HEAT
repeats. The hydrophobic residues (consensus positions
5, 9, 10, 12, 13, 16 and 17 for helix A; 24, 26–29, 31, 32,
35, 36, 38 and 39 for helix B; Figure 2) are spaced to
form amphipathic helical patterns. The interaction of
each helix with four of its helix neighbors creates a
hydrophobic core. The differences in the packing prop-
erties of the A and B helices confer the curvature on the
structure. The kinking of the helices may be a way to
increase the interhelix hydrophobic core volume.
Further interrepeat interactions are achieved by surface
contacts, such as the hydrogen-bonding arrays formed by
aspartate residues at consensus position 19 and arginine
residues at consensus position 25. The sidechain of argi-
nine (consensus position 25) at the N terminus of helix B
projects towards the C terminus of helix A, forming both
a hydrogen bond with the carbonyl of aspartate (consen-
sus position 19) in the same repeat, and a bidentate salt
bridge with the sidechain of Asp(19) of the next repeat.
The carboxylate group of Asp(19) further hydrogen
bonds to the amide nitrogen of consensus residue 21 [9].
The orderly canonical packing of the repeats occurs within
three blocks encompassing repeats 1–3, 4–12 and 13–15.
By contrast, repeats 3 and 4, and repeats 12 and 13 pack
aberrantly, obliterating the parallel arrangement. There is
a 45° rotation along an axis perpendicular to the helices
between repeats 12 and 13, and a similar 22° rotation
between repeats 3 and 4. These aberrant packing arrange-
ments are caused by divergence from  the consensus
sequence in the affected repeats. Repeat 4 lacks the aspar-
tate residue at consensus position 19, preventing salt
bridge formation with the arginine residue at position 25 in
repeat 3. A tryptophan residue at consensus position 4 of
repeat 13 wedges between helix A of repeat 13 and helix B
of repeat 12, and a glutamate and a histidine residue
replace consensus hydrophobic residues at positions 26 of
repeat 12 and 24 of repeat 13, respectively; this results in
the large relative rotation of repeats 12 and 13. These aber-
rant packing features abate the regularity of the overall
structure of PR65/A, resulting in a hook-like shape.
Comparison with armadillo repeats and functional
implications
The HEAT repeats exhibit some general similarities
with another repetitive motif (ARM; formerly named
after the Drosophila armadillo protein [15]). Like HEAT
motifs, ARM motifs are found in a number of function-
ally unrelated proteins and have been proposed to
mediate protein–protein interactions [15]. The HEAT
and ARM motifs have similar lengths and consensus pat-
terns (Figure 2). This observation recently led to the pro-
posal that the two import factors importin α and importin
β, which interact to form a functional import receptor in
the classical nuclear import pathway, are evolutionally
related [16]; the ∼60 kDa importin α contains ARM
repeats [17,18] and the ∼90 kDa importin β contains
HEAT repeats [12]. 
The structures of the ARM repeat proteins β-catenin [19]
and importin α [20,21] have recently been determined.
The structures of individual ARM and HEAT motifs are
indeed remarkably similar (Figure 3). ARM repeats mostly
comprise three helices, where helices H1 and H2 are anal-
ogous to the HEAT repeat helix A, and helix H3 corre-
sponds to HEAT repeat helix B. Remarkably, the usual
kink in helix A of the HEAT repeat occurs at the junction
of helices H1 and H2 in ARM repeats. Furthermore, in
one of the ARM repeats of importin α, helices H1 and H2
are connected into one continuous helix. 
Surprisingly, however, the ARM and HEAT repeat struc-
tures differ significantly in their interrepeat packing.
Whereas the canonical packing of HEAT repeats is essen-
tially parallel, the adjacent ARM motifs normally rotate
∼30° in a right-handed fashion along an axis perpendicular
to the helices. This rotation creates a groove spiralling
along the superhelical axis of an ARM repeat protein. By
contrast, the parallel arrangement of adjacent HEAT
repeats in PR65/A results in relatively flat surfaces with no
such groove. Furthermore, in the few instances where rel-
ative rotations between HEAT repeats occur in PR65/A,
these rotations turn out to be left-handed. 
The structural differences that result from the different
packing arrangements of the structural units also translate
to functional differences. The surface groove of the ARM
repeat protein importin α has been shown to be the crucial
feature responsible for binding functions [20,21]; this
same region has been proposed to have a similar role in
β-catenin [19]. In the absence of this groove, PR65/A must
exploit other features of the HEAT repeat structure for
binding to PP2Ac and the host of regulatory subunits. On
the basis of sequence conservation, mutagenesis studies
and the location of oncogenic mutations, Groves et al. [9]
propose that these binding surfaces correspond to the
ridge formed by the loops connecting helix A with helix B
(AB loops; in front, Figure 1b). The different surface fea-
tures used by importin α and PR65/A may reflect the
nature of their ligands; whereas the groove may be optimal
for binding extended nuclear localization sequences by
importin α [20,21], the ridge may be better suited for the
PR65/A ligands (see below). On the other hand, as repeats
4–6 and 13–15 are the most likely regions for the binding
of the regulatory subunits and PP2Ac, respectively [22],
the small grooves created by the aberrant packing of
repeats 3–4 and 12–13 may also have a functional role. 
Solenoid structures
The superhelical arrangement of structural units places
PR65/A in a family of solenoid proteins [23]. These struc-
tures are built of short structural units that pack tightly in
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a tandem fashion; this arrangement distinguishes them
from the beads-on-a-string arrangement of larger, inde-
pendent folding domains in modular proteins [24]. Indi-
vidual structural units in solenoid proteins usually contain
four or less elements of secondary structure, and solenoid
proteins can be classified on the basis of the structural
units they contain and their arrangement within the
protein. The HEAT and ARM repeat proteins belong to
the all-α class of solenoid proteins. Proteins in this family
all contain an α/α repeating unit — other members
include  lipovitellin, a bacterial muramidase (reviewed in
[23]), the α subunit of protein farnesyltransferase (FTase)
[25], and the tetratricopeptide repeat (TPR) region of
protein phosphatase 5 [26]. The all-β class includes struc-
tures that contain either β/β structural units (e.g. the β-roll
structure of alkaline protease) or β/β/β structural units (e.g.
pectate lyase and other proteins with a right-handed paral-
lel β helix, the hexapeptide repeat proteins with a left-
handed parallel β helix structure (reviewed in [23]), and a
new type of parallel β helix found in the L domain of the
insulin-like growth factor receptor [27]). Finally, the
mixed class of solenoid proteins includes the leucine-rich
repeat (LRR) variant with an α/310 structural unit, the
classical LRR proteins with α/β (reviewed in [23]) or
related [28] structural units, the ankyrin (ANK) repeat
proteins (e.g. p53 tumor suppressor binding protein 53BP2
[29]) with a β/β/α/α repeating unit, and the less regular
spiral fold of enoyl-coenzyme A hydratase [30] with a
β/β/α structural unit. With the exception of the left-
handed parallel β helix formed by the hexapeptide repeat
proteins, all other solenoid proteins known to date form
right-handed superhelices. 
Solenoid structures share some general structural proper-
ties that lead to certain common functional properties [23].
A conspicuous structural feature distinguishing solenoids
from most other protein structures is the presence of
stacking interactions or ladders formed by hydrophobic,
aromatic and hydrogen-bond forming residues. Because
the distances between structural units are larger in the all-
α proteins, such as PR65/A, than in the β-sheet-containing
solenoid proteins, the stacking interactions are less promi-
nent but still present (e.g. the Asp–Arg ladder in PR65/A).
Most notably, the structural arrangements in solenoid pro-
teins lead to elongated, nonglobular and relatively flexible
shapes. The two noncrystallographic symmetry-related
molecules in the crystals of PR65/A show different confor-
mations, suggesting conformational flexibility. Likewise, a
comparison of the structures of the ARM repeat protein
β-catenin in two different crystal forms led to similar con-
clusions [19]. Conformational changes were also observed
in the LRR protein ribonuclease inhibitor upon binding
its protein ligand [31]. These properties may explain why
most solenoid proteins share a functional property, namely
their involvement in protein–protein interactions. The
shape and flexibility of solenoid proteins may allow the
formation of large and diverse interfaces. Accordingly, the
proposed binding regions of PR65/A, which encompass
the HEAT repeat AB loops, are reminiscent of the regions
of LRR proteins, ANK repeat proteins, and the FTase
α subunit that are involved in ligand interactions; in all
these proteins, the loops that connect elements of sec-
ondary structure and concave surfaces are utilized in the
interaction. One exception to the protein-binding func-
tionality of solenoids is provided by the proteins that
instead satisfy their protein-interaction requirements by
forming homo-oligomers (e.g. the tailspike protein and the
hexapeptide repeat proteins). 
When the structure of PR65/A is compared to other
known protein structures [32], several solenoid proteins
exhibit the highest similarity scores. In particular, the
ARM repeat proteins importin α and β-catenin have the
highest similarities. In view of the different packing of the
structural units in PR65/A and ARM repeat proteins, this
seems surprising; remarkably, however, these proteins
have a very similar overall shape (Figure 4). Ranked next
is the LRR variant protein [33] with an α/310 repeating
structural unit; the helices in this protein are shorter than
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Figure 4
A global superposition (using the program DALI [32]) of the structures
of PR65/A (magenta) and importin α (PDB code 1BK5; cyan). (The
Figure was prepared using the program GRASP [44].)
in PR65/A, but their packing and the resulting curvature
are very similar. The lengths of helices are more compara-
ble in the α/α units of FTase [25], but their packing
results in a less curved structure. Similarities with other
helical solenoid structures, including the TPR and ANK
repeat proteins, are detectable but weaker. 
Implications for other proteins with HEAT repeats
There is little doubt that other HEAT repeat proteins will
exhibit solenoid structures similar to PR65/A. However,
instances of aberrant repeat packing in PR65/A that
appear difficult to foresee suggest that it may not be easy
to predict the detailed surface characteristics in other
HEAT repeat proteins or to construct accurate models
based on PR65/A. Moreover, the repeats in many HEAT
repeat proteins are more diverse in sequence and length
than is the case for PR65/A; this may lead to less regular
solenoid structures. This diversity often makes HEAT
repeats difficult to detect. For example, a region overlap-
ping the HEAT motif region of EF3 has been proposed to
be homologous to the bacterial ribosomal protein S5 [34],
a protein with a structure unrelated to PR65/A [35].
Although most HEAT repeat domains have been postu-
lated to be involved in protein–protein interactions, for
the majority the detailed binding regions have not yet
been delineated. The binding sites on the HEAT repeat
protein importin β for the ligands importin α and
Ran–GTP have been mapped using synthetic peptides
and deletion mutagenesis [36,37]. These binding regions
were identified as overlapping areas in the AB loop region,
analogous to the proposed binding surfaces on PR65/A.
However, another study, which used a larger number of
mutants and binding assays, subsequently mapped the
binding sites to different regions [38].
Scaffold, anchoring and adaptor proteins
In the plethora of scaffold, anchoring and adaptor proteins
that coordinate cellular control networks, two recurrent
types of protein domain seem to be emerging. The first
type comprises the modular domains, exemplified by the
well known SH2 domains which recognize short phospho-
peptide motifs containing a phosphotyrosine residue, or
the SH3 domains that bind polyproline motifs [1]. These
modules specialize in binding specific peptide motifs
present on signaling molecules, and have been recruited
by many signaling molecules as modular domains. 
The second type of domain to be recruited by scaffold,
anchoring and adaptor proteins comprise the solenoid
domains, as exemplified by PR65/A. In contrast to the
modular domains that specialize in recognizing a particular
type of signal sequence, the solenoid domains serve as
structural frameworks that are generally suitable for the for-
mation of protein–protein interactions. The domains can
evolve to bind specific ligands through mutations of the
surface-exposed residues and modifications of interrepeat
packing arrangements. Examples of solenoid domains
widely used in cellular signaling include domains with LRR
[39], ANK [17], TPR [40] and ARM repeats [15]. The work
by Groves et al. [9] now starts to reveal the mechanisms that
underlie the role of HEAT repeats in the processes of cellu-
lar control. A more in depth understanding will, however,
require further structural and functional studies of HEAT
repeat proteins; these studies are eagerly awaited.
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